-stimulated CaMKIV activity only in the postnatal forebrain.
Suppression of CREB Phosphorylation and CRE-Dependent Gene Expression
We first tested the ability of dnCaMKIV to prevent CREB/ Results CRE-mediated transcription using COS7 cells. Constitutively active forms of CaMKIV (caCaMKIV) and CaMK Generation of Transgenic Mice Expressing kinase (caCaMKK) were used to assess CRE-mediated dnCaMKIV in the Postnatal Forebrain transcription to avoid the complex effects of elevated We constructed a vector with the following components intracellular Ca 2ϩ on other endogenous Ca 2ϩ -activated from 5Ј to 3Ј ( Figure 1A ): ␣Cp-FLAG-dnCaMKIV-SV40 enzymes (Enslen et al., 1996). Cells were transfected intron-SV40 pA, where ␣Cp is the 8.5 kb DNA fragment with plasmids as indicated in Figure 2A and CRE-mediderived from the 5Ј flanking region of the ␣CaMKII gene ated transcription was assayed using a CRE-luciferase and FLAG-dnCaMKIV encodes an epitope tag fused to reporter construct (Grewal et al., 2000) . Transfection the amino terminus of dnCaMKIV. We produced ten with caCaMKIV alone had no effect, whereas cotranstransgenic founders (C57BL/6) and chose three lines, fection with caCaMKK gave a 5-to 6-fold increase in C7, C15, and C34, carrying approximately 15, 2, and luciferase activity (Figure 2A ). This increase in CRE-1 copies of the transgene, respectively. Northern blot mediated transcription was almost completely blocked analysis of forebrain RNA, using a probe specific for by cotransfection with dnCaMKIV or a CREB mutant in the 3Ј end of the transgene, revealed that a transgene which Ser 133 was mutated to Ala ( Figure 2A ). transcript of about 2.4 kb was expressed in all three lines
We next examined the ability of dnCaMKIV to inhibit ( Figure 1B) . As a control, we examined the endogenous activity-induced CREB phosphorylation in hippocampal levels of ␣CaMKII transcripts and found no discernable slices of C34 transgenic mice. For this purpose, we perdifference between the transgenic and control mice (Fig- fused C34 or wild-type hippocampal slices with saline ure 1B). To minimize the risk of nonspecific effects of containing 90 mM KCl or 100 M glutamate, and 30 the transgene, we selected C34, the lowest expressor min later determined the levels of Ser
133
-phosphorylated among the three transgenic lines, for further character-CREB (pCREB) by Western blot analysis. In wild-type ization. The expression of the transgene in line C34 was slices, both KCl and glutamate treatments resulted in robust increases in CREB phosphorylation, whereas relatively high in the cerebral cortex and hippocampal only modest increases were observed in C34 slices (Fig- of CaMKIV-mediated CREB phosphorylation and c-Fos expression. We did not observe any effect of transgenic ures 2B and 2C). The effects of the transgenic dnCaMKIV were specific for stimulation-induced CREB phosphorydnCaMKIV on the level of pCREB or c-Fos induced by an activator of PKA signaling pathway, forskolin (50 M; lation and no difference was observed in the basal levels of CREB phosphorylation. Furthermore, the total amount Figures 2B and 2C ). In addition, KCl-induced phosphorylation of mitogen-activated protein kinase (MAPK) was of CREB was not affected either by the presence of dnCaMKIV or by the stimulation treatments. not affected ( Figure 2D ). Taken together, these data indicate that CaMKIV signaling is crucially involved in It is known that activation of some of the immediate early genes such as c-fos depends on CREB phosphoryCa 2ϩ -stimulated CREB phosphorylation and activation of CRE-dependent transcription in the adult hippocamlation (Sheng and Greenberg, 1990 ). We therefore examined whether transgenic dnCaMKIV inhibits activitypus, and that this signaling is significantly impaired in dnCaMKIV transgenic mice. dependent c-Fos expression. We found that the levels of KCl-and glutamate-induced c-Fos were significantly lower in C34 slices compared to wild-type slices 3 hr
Normal Synaptic Transmission and Impaired L-LTP We examined basal synaptic transmission at Schaffer after KCl or glutamate treatments (Figures 2B and 2C) . The effect of dnCaMKIV was specific to the inhibition collateral-CA1 synapses of hippocampal slices derived Figure 3C ). The magnitude of potentiation measured at 1 hr after stimulation was 129.9 Ϯ 3.0% ley amplitudes elicited at different stimulus strengths, was not different between wild-type and C34 slices (Fig-(n ϭ 10) for wild-type and 131.5 Ϯ 5.9% (n ϭ 9) for C34 transgenic mice. We then addressed the role of CaMKIV ure 3A). The mean ratios of fEPSP slope to fiber volley sizes for wild-type (3.45 Ϯ 0.11, n ϭ 41) and C34 transin L-LTP, especially its protein synthesis-dependent late phase, by applying repeated tetanization to the Schaffer genic mice (3.43 Ϯ 0.12, n ϭ 41) were comparable, indicating that the transgenic dnCaMKIV did not perturb collateral pathway. Wild-type slices showed stable L-LTP for at least 200 min, whereas the same stimulation basic synaptic response properties.
Because the transgene is expressed in both CA1 and protocol produced a continually decaying potentiation in C34 mutant slices ( Figure 3D ). The potentiation ob-CA3 pyramidal neurons in C34 transgenic line (see Figure 1C) , we examined the integrity of the presynaptic served in mutant slices was significantly less than that observed in wild-type at 3 hr (WT: 145.5 Ϯ 1.5%, n ϭ 9; machinery by analyzing two forms of short-term synaptic plasticity, paired-pulse facilitation (PPF) and postte-C34: 117.9 Ϯ 2.7%, n ϭ 9, p Ͻ 0.05), and this significance appeared from 1 hr posttetanization (WT: 162.0 Ϯ 1.9%, tanic potentiation (PTP). At all interpulse intervals, PPF was indistinguishable in wild-type and mutant slices n ϭ 9; C34: 147.9 Ϯ 5.5%, n ϭ 9, p Ͻ 0.05). The decay kinetics of L-LTP in C34 transgenic mice was similar ( Figure 3B ). The peak PTP elicited by 100 Hz stimulation was also normal in C34 transgenic mice (WT: 256.1 Ϯ to that observed with L-LTP in wild-type slices in the presence of a protein synthesis inhibitor, anisomycin 8.7%, n ϭ 9; C34: 263.3 Ϯ 12.1%, n ϭ 9, ns). These data suggest that presynaptic neurotransmitter release (Aniso, 40 M, at 1 hr: 150.4 Ϯ 8.1%; at 3 hrs: 115.5 Ϯ 7.9%, n ϭ 7, ns for C34 versus Aniso) ( Figure 3D ). Anisoprocesses are not affected by the expression of dnCaM-KIV transgene.
mycin ( 2.5%; at 3 hrs: 98.4 Ϯ 4.2%, n ϭ 7, ns). This suggests see below). As shown in Figures 4C and 4D , with the control mice, the preference for the target quadrant inthat CaMKIV signaling may contribute to the protein synthesis-dependence of L-LTP. creased steadily from a random level on day 1 to over 75% on day 10 and day 12. By contrast, with C34 transgenic mice, the preference for the target quadrant reImpaired Spatial Memory in Morris Water Maze Task mained at a random level until day 6 and then increased to a moderate level ‫)%74ف(‬ on day 10. Two more days To investigate whether dnCaMKIV transgenic mice display a deficit in hippocampus-dependent learning and of training did not further improve their quadrant preference ‫%84ف(‬ on day 12). Even when both groups reached memory that may correlate with the synaptic plasticity impairments, we subjected these mice to the hidden the plateau in their performance by day 12, the spatial memory attained by C34 transgenic mice seemed to be platform version of the Morris water maze (Morris et al., 1982). The C34 transgenic mice consistently showed less accurate, as indicated by a larger difference in the number of platform crossing between the two genotypes longer escape latencies ( Figure 4A ), although they displayed some improvement in their performance over ( Figure 4D ). This last point is further demonstrated by the analysis of the navigational paths: while wild-type prolonged training. There were no differences between the two types of mice during the first two days of training, mice exhibited a high total occupancy peak at the expected location of the platform, the transgenic mice suggesting that the learning impairments of the transgenic mice were not associated with initial performance navigated more diffusely around it ( Figure 4E ). We next tested the wild-type and C34 transgenic mice deficits such as motor impairment. However, the C34 mice showed a greater tendency than the wild-type ani- (Figure 2A) . It should be noted that the inhibition of of the Morris water maze. Furthermore, these results CaMKK function by dnCaMKIV may also hamper the indicate that dnCaMKIV transgenic mice have intact vifunction of CaM kinase I (CaMKI), which is also known sion, escape motivation, and coordinated motor skills to be activated by CaMKK (Sun et al., 1996) . However, required for learning the water maze task. The specificity it is unlikely that the inhibition of CaMKI contributes to of the behavioral deficits of dnCaMKIV transgenic mice the observed effects of dnCaMKIV on CREB phosphorywas further supported by the results of the open field lation since CaMKI is not expressed in the neuronal test and the elevated plus maze, which revealed no nucleus (Picciotto et al., 1995) . Regardless of the actual discernable abnormalities in general locomotor or emomechanism, the selective effects of dnCaMKIV on stimutional aspects of behavior.
lus-induced CaMKIV activation and CREB phosphoryla-
The dnCaMKIV transgenic mice displayed a deficit in tion allowed us to assess the consequence of these the neural activity-dependent activation of CREB/CRE stimulus-induced events in synaptic plasticity and signaling pathway and a relatively specific impairment in memory.
synaptic plasticity, namely the late component of L-LTP.
Since these protein synthesis-related events have been L-LTP Is Disrupted in dnCaMKIV Transgenic Mice suggested as a molecular or cellular basis for memory Activation of CREB and CRE-dependent transcription consolidation, it was of great interest to determine have been proposed to contribute to L-LTP but not to
whether the memory deficit displayed by these mice in E-LTP (Impey et al., 1996; Silva et al., 1998). In support the Morris water maze task was primarily in its consoliof these notions suggested by earlier studies, both the dation phase rather than in the acquisition phase. Our CREB-dependent signaling pathway in the hippocamfear conditioning study demonstrates that in C34 transpus and the L-LTP at Schaffer collateral-CA1 synapses genic mice, the contextual memory is intact one day were impaired in our forebrain-specific dnCaMKIV transafter training but is attenuated significantly 7 days after genic mice. Furthermore, as shown in Figure 3D of the contextual fear conditioning was detectable only after 8 days (Wong et al., 1999) . It was also previously DnCaMKIV Transgenic Mice Are Impaired shown that rats subjected to hippocampal lesions one in the Consolidation/Retention Phase day after training exhibited a profound deficit in contextof Hippocampus-Dependent Memory dependent fear conditioning, whereas those lesioned The C34 transgenic mice are clearly impaired in learning one month after training maintained the contextual fear the hippocampus-dependent, hidden platform version memory. This suggests that the consolidation of hippoof the Morris water maze task. Nevertheless, the transcampus-dependent memory may occur sometime begenic mice seem to overcome the learning deficit to tween one to 30 days after training (Anagnostaras et al., some extent as the training becomes more extensive.
1999; Kim and Fanselow, 1992). We do not know how these mice achieved this partial
Although the most robust site of the transgenic and/or slower learning. One explanation would be the dnCaMKIV expression is the hippocampus, it is also incomplete inhibition of CaMKIV by the transgenic expressed in other forebrain areas, albeit at lower levels dnCaMKIV ( Figure 1F) . Another possibility would be that ( Figure 1C) . Therefore, we cannot conclude that the consolidation-dampening effect of the transgenic dnCaMKIV the requirement for CaMKIV is not absolute and other is exerted within the hippocampus. Nonetheless, it is logical, and behavioral processes? In view of the findings that the duration of CREB phosphorylation is a key interesting to note that such an effect was not observed in cue-dependent fear conditioning (Figure 7B ), known factor in determining transcriptional initiation (Bito et al., 1996), it is conceivable that these three kinase pathways to be independent of the integrity of the hippocampus (Phillips and LeDoux, 1992). These results can be exact in concert to accomplish optimal levels of sustained CREB phosphorylation and memory consolidation plained either by the lower levels of dnCaMKIV expres- 
